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[57] ABSTRACT 

A differential spectrometry system detects very narrow-band 
spectral features. while providing much higher optical trans 
mittance and signal-to-noise ratios than prior optical-?lter 
based spectrometer systems. A plurality of light detectors 
(10a, 10b) detect light that falls within respective wide 
wavebands. The wide wavebands have overlapping and 
non-overlapping portions. one of which is the desired nar 

row waveband. The detector outputs are operated upon to 

produce an output signal (22) which includes substantially 
only the desired narrow waveband. In the preferred 
embodiment. the light detectors (10a, 10b) are implemented 
with a pair of optical detectors (30a, 30b) and respective 
optical interference ?lters (24a, 24b). The ?lters have sub 
stantially identical cut-01f wavelengths (712) and cut-on 
wavelengths that are ‘shifted by M with respect to each other 
(K1 and (Al-FAA). respectively). The detector outputs are 
diiferenced with an operational ampli?er (33). so that detec 
tor signals resulting from spectral features common to both 
detectors (30a, 3%) are canceled. The remaining signal (36) 
varies according to the amount of light that falls between 
wavelength boundaries [X1 and (X1+A7L)]. A preferred 
method of fabricating the optical interference ?lters (240, I 

24b) is also provided. 

7 Claims, 3 Drawing Sheets 
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HIGH RESOLUTION DIFFERENTIAL 
SPECTROMETRY SYSTEM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to spectrometry. and more particu 

larly to differential spectrometry using discrete optical ?l 
ters. 

2. Description of the Related Art 
Optical interference ?lters are used for a wide variety of 

applications. particularly in the ?eld of spectrometry. For 
example. a narrow band optical ?lter may be employed in a 
system that is designed to detect the presence of a particular 
chemical compound in the atmosphere. The ?lter is designed 
to transmit only the light that falls within the absorption 
band of the desired chemical compound. thereby masking 
other absorption bands found in the atmosphere. 

Interference ?lters are described in H. A. Macleod. Thin 
Film Optical Filters, Second Edition, Macmillan Publishing 
Co.. New York (1986). pages 234-313. They typically 
comprise a quarter-wave (QW) stack that is deposited on an 
optically transmissive substrate by vacuum evaporation. A 
QW stack consists of alternating high and low refractive 
index material layers whose optical thicknesses (refractive 
index times physical thiclmess) are tailored to produce a 90 
degree phase shift in the light that is transmitted through 
each layer at a design wavelength. The QW stack is an 
e?icient re?ector of light over a wavelength range 
(stopband) 5 that is centered about the design wavelength. as 
illustrated in FIG. 1a. The width of the stopband 5 is 
dependent upon the ratio of the high and low refractive 
indices of the alternating material layers. 
On either side of the stopband 5 are regions of high 

transmittance 6 with moderate to severe “ripples” in the 
shape of the transmittance curve. An edge ?lter is con 
structed by using either side of the transition between the 
high re?ectance stopband 5 and the high transmission 
regions 6. A cut-on or long-wavelength pass (LWP) edge 
?lter is constructed by modifying the basic QW design to 

the ripple on the long wavelength side of the 
stopband 5. as illustrated in FIG. 1b. Alternatively. a cut-off 
or short-wavelength pass (SWP) edge ?lter is constructed by 
modifying the QW design to minimize the ripple on the short 
wavelength side of the stopband 5. as illustrated in FIG. 10. 
The wavelength at which the edge (or boundary) of either 
type of ?lter appears is controlled by controlling the wave 
length at which the center of the stopband 5 appears. 
An extension of the use of QW stacks is to combine a 

LWP ?lter at one design wavelength with a SWP ?lter at a 
longer wavelength to produce a bandpass (BP) ?lter with the 
transmittance characteristics shown in FIG. 1d. This type of 
?lter transmits light whose wavelength falls between 1.1 and 
it? The edges 8 are de?ned by the LWP cut-on and SWP 
cut-off wavelengths. Light with a wavelength that falls 
outside of the edges 8 is re?ected by the QW stack. 
A problem associated with optical interference ?lters is 

that the peak optical transmittance at the design wavelength 
decreases as the ?lter’s_bandwidth is made narrower. The 
reduced optical transmittance reduces the signal-to-noise 
ratio to a level which may be unacceptable. 

SUMMARY OF THE INVENTION 

In view of the above problem. the present invention 
provides a ditferential spectrometry system that can detect 
very narrow-band spectral features. while providing much 
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2 
higher optical transmittance than prior optical-?lter-based 
spectrometer systems. 

This is accomplished by providing a plurality of light 
detectors that are con?gured to detect light that falls within 
respective wide wavebands. The wide wavebands have 
overlapping and non-overlapping portions. one of which is 
the desired narrow waveband. The detector outputs are 
operated upon to produce an output signal which includes 
substantially only the desired narrow waveband. 

In the preferred embodiment. the light detectors are 
implemented with a pair of optical detectors and respective 
optical interference ?lters. The ?lters have substantially 
identical cut-off wavelengths (X2) and cut-on wavelengths 
that are shifted by M with respect to each other (X1 and 
(X1+A7t). respectively). The ?lters are positioned so that each 
detector receives only the light that is transmitted by its 
respective ?lter. The detector outputs are ditferenced with an 
operational ampli?er. so that detector signals resulting from 
spectral features common to both detectors are canceled. 
The remaining signal varies according to the amount of light 
that falls between wavelength boundaries [X1 and (Z.,+AX)]. 
A preferred method of fabricating the optical interference 

?lters involves coating two substrates with long wavelength 
pass (LWP) optical coatings that have a cut-on wavelength 
of X1. annealing one of the substrates so that the cut-on 
wavelength of its LWP coating is shifted by A)" and coating 
both substrates with short Wavelength pass (SWP) optical 
coatings that have a cut-o? wavelength of 12. 
These and other features and advantages of the invention 

will be apparent to those skilled in the art from the following 
detailed description of preferred embodiments, taken 
together with the accompanying drawings. in which: 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1a, 1b. 1c and 1d. described above. are graphs 
illustrating the optical transmittance properties of different 
types of interference ?lters. 

FIG. 2a is a block diagram illustrating the basic principles 
of the invention. 

FIG. 2b is a graph illustrating the optical sensitivity of a 
?rst light detector in FIG. 1a. 

FIG. 2c is a graph illustrating the optical sensitivity of a 
second light detector in FIG. 1a. 

FIG. 3 is a schematic diagram of a preferred embodiment. 
of the invention. 

FIGS. 40 and 4b are cross-sectional views illustrating 
successive steps in a preferred method of fabricating the 
optical ?lters of FIG. 3. 

FIG. 5 is a graph illustrating typical annealing curves for 
an optical coating that can be used to implement the inven 
tion. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The basic principle of the invention involves providing a 
plurality of light detectors that are con?gured to detect light 
that falls within respective wide wavebands. The wide 
wavebands have overlapping and non-overlapping portions. 
one of which is the desired narrow waveband. The detector 
outputs are operated upon to produce an output signal which 
includes substantially only the desired narrow waveband. 
FIGS. 2a-2c illustrate how the invention is implemented 
with two light detectors. A ?rst light detector 10a is con 
?gured so that it is sensitive to portions of incoming light 12 
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whose wavelengths fall between wavelength boundaries [7t1 
and 7L2]. FIG. 2b illustrates this graphically, by showing a 
plot 14 of sensitivity vs wavelength for detector 10a. A 
second light detector 10b is con?gured so that it is sensitive 
to portions of incoming light 12 whose wavelengths fall 
between wavelength boundaries [(7t1+M) and M]. as illus 
trated in the plot 16 of FIG. 20. 
The outputs of detectors 10a and 10b are sent to a 

processor 18 along signal lines 20a and 20b. The processor 
18 calculates the ditference between the two detector 
outputs, so that detector signals that result from spectral 
features common to both detectors are canceled The pro 
cessor output 22 varies according to the amount of light with 
wavelengths between boundaries [k1 and (k1+A?t)]. 
Although the M sensitivity difference. as shown in FIGS. 2b 
and 2c. is implemented at the cut-on wavelength (k1). it 
could be implemented at the cut-o?’ wavelength (11,) without 
departing from the scope of the invention. 

FIG. 3 illustrates a preferred embodiment of the inven 
tion. Bandpass (BP) optical ?lters 24a and 24b transmit light 
that falls between wavelength boundaries [k1 and M] and 
[(7t1+M) and X2]. respectively. Filters 24a and 24b are 
preferably optical interference ?lters. 
BP ?lter 24a transmits light 29a that falls within its 

wavelength boundaries [X1 and 11] to optical detector 30a, 
while BP ?lter 24b transmits light 29b that falls within its 
wavelength boundaries [(7t1+M) and L2] to optical detector 
3%. Detectors 30a and 3% may be of any type that is 
sensitive over the wavelength range of interest. such as a 
mercury cadmium tellun'de or indium antimonide detector if 
the wavelength range of interest lies between approximately 
2.5 to 12 microns. 

The electrical outputs of detectors 30a and 30b are 
transmitted to pre-ampli?ers 31a and 31b over signal lines 
32a and 32b. respectively. for ampli?cation. The ampli?ed 
signals are transmitted to a differential ampli?er 33, prefer 
ably an operational ampli?er (op-amp) through signal lines 
34a and 3412. respectively. Detector signals that result from 
spectral features that are common to detectors 30a and 30b 
are canceled by the differencing operation at the differential 
ampli?er 33. Therefore, the ampli?er output 35 varies 
according to the amount of incident light between wave 
length boundaries [KI and (k1+M)]. 
The bandwidth of the present spectrometry system is 

controlled by precisely adjusting the relative cut-on or 
cut-off wavelength shift M between the two optical ?lters 
24a and 24b. Because the individual ?lters have relatively 
large bandwidths, the optical transmittance of the system is 
higher than prior systems that utilize a single narrow band 
optical ?lter. This results in an improved signal-to-noise 
ratio. 

A preferred method of fabricating optical ?lters with the 
requisite relative shift in their cut-on or cut-off wavelengths 
is illustrated in FIGS. 4a and 412. For illustration, the 
fabrication of an optical ?lter set with a relative M shift in 
their cut-on wavelengths will be described. However. the 
present method may also be used to fabricate ?lters with a 
relative M shift in their cut-o?’ wavelengths. 

In FIG. 4a. substantially identical LWP coatings 38a and 
3812 with a cut-on wavelength of 7L1 are fabricated on 
substrates 40 and 42. The LWP coatings are preferably QW 
stacks that are deposited using well known physical vapor 
deposition techniques. The choice of substrates and QW 
stack materials will depend upon the particular design 
wavelength. The substrates 40 and 42 should be optically 
transparent over the wavelength range of interest. For 
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4 
example. germanium is a preferred substrate material for 
design wavelengths that fall between approximately 2.5 and 
12 microns. 

To insure that each LWP coating has a cut-on wavelength 
of k1. the substrates 40 and 42 are preferably coated together 
in a common coating run. If desired. one large substrate may 
be coated and then cut into the two substrates 40 and 42 after 
the LWP coating has been deposited 

After the LWP coatings are deposited, one of the sub 
strates 40 and its respective LWP coating 38a is annealed in 
an oven (not shown) to shift the LWP coating’s cut-on 
wavelength by M. At a given temperature. the M shift in 
the cut-on‘ wavelength will saturate over time. as illustrated 
by the family of curves in FIG. 5. FIG. 5 illustrates M vs 
time at increasing temperature values T1. T2 and T3. The 
maximum M shift 44 that can be achieved depends upon the 
annealing temperature. the exposure time and the particular 
material system. It is preferable to operate near the satura 
tion area 46 of the curve so that the M shift can be precisely 
controlled by adjusting the annealing temperature. The time 
required for saturation. and the preferred annealing 
temperature, will depend on the materials used for the QW 
stack. As an illustrative example. an annealing temperature 
of 350 degrees Celsius for two hours will provide a M shift 
of approximately 40 nm in an LWP coating made of ger 
manium and zinc sul?de. The annealing temperature and 
time are dependent on the materials used in the coating and 
on the coating design. They are generally derived empiri 
cally as were the values used in the illustrative example 
above. 

After substrate 40 is annealed. both substrates 40 and 42 
are coated with respective SWP coatings 48a and 48b. as 
illustrated in FIG. 4b. The coatings have a cut-o? wave 
length of X2, and are preferably QW stacks that are deposited 
using the same techniques used for the LWP coatings 38a 
and 38b. To insure that each SWP coating has a cut-off 
wavelength of K2, the substrates 40 and 42 are preferably 
coated together in a common coating run. Although the SWP 
coatings may be deposited on either side of the substrates 40 
and 42. they are preferably deposited on the side of the 
substrate opposite the LWP coatings. The resulting optical 
?lters 24a and 24b have the transmittance properties 
described above in connection with FIG. 3. 

Numerous other variations and alternate embodiments 
will occur to those skilled in the art without departing from 
the spirit and scope of the invention. Although a system that 
uses a pair of detectors and respective optical ?lters was 
described as the preferred embodiment. the invention may 
be practiced with more than two light detectors. With respect 
to the preferred embodiment described above, the optical 
?lters may be designed so that the relative wavelength shift 
between them borders the cut-01f rather then the cut-on 
wavelength. In addition, although annealing is described as 
a preferred method of obtaining the desired cut-on or cut-off 
wavelength shift, other methods may be used. such as by 
precisely controlling the thickness of the LWP or SWP QW 
stack layers during the growth stage. Such variations and 
alternate embodiments are contemplated. and can be made 
without departing from the spirit and scope of the appended 
claims. 
We claim: 
1. A method for fabricating a set of optical ?lters for use 

in a differential spectrometry system. comprising the steps 
of: 

depositing a ?rst bandpass optical coating on a ?rst 
optically transmissive substrate, said coating passing 
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light that falls between a ?rst set of wavelength bound 
aries K1 and 7L2. and 

depositing a second bandpass optical coating on a second 
optically transmissive substrate. said coating passing 
light that falls between a second set of wavelength 
boundaries (kl-M7») and 7&2. 

2. The method of claim 1. wherein K511. and said ?rst 
and second optical coatings are deposited on said ?rst and 
second substrates by: 

depositing a long wavelength pass (LWP) optical coating 
with a cut-0n wavelength of 7x1 on said ?rst and second 
substrates. 

altering the LWP coating on one of said substrates so that 
its cut-on wavelength is shifted by AK. and 

depositing a short Wavelength pass (SWP) optical coating 
with a cut-o? wavelength of M on said ?rst and second 
substrates. 

3. The method of claim 2. wherein said LWP coating on 
said one substrate is altered by annealing said one substrate 
until said cut-on wavelength is shifted by M. 

10 

6 
4. The method of claim 1. wherein said LWP coating is 

deposited on a single substrate. and said single substrate is 
subsequently divided into said ?rst and second substrates. 

5. The method of claim 1. wherein X97»? and said ?rst 
and second optical coatings are deposited on said ?rst and 
second substrates by: 

depositing a short wavelength pass (SWP) optical coating 
with a cut-o?’ wavelength of M on said ?rst and second 
substrates. 

altering the SWP coating on one of said substrates so that 
its cut-01f wavelength is shifted by A)». and 

depositing a long wavelength pass (LWP) optical coating 
with a cut-0n wavelength of X2 on said ?rst and second 
substrates. 

6. The method of claim 5. wherein said SWP coating on 
said one substrate is altered by annealing said one substrate 
until said cut-01f wavelength is shifted by A)». 

7. The method of claim 5. wherein said SWP coating is 
deposited on a single substrate~ and said single substrate is 
subsequently divided into said ?rst and second substrates. 


